consensus-based disorder predictions, and for the first time comprehensively characterized intrinsic disorder at proteomic and protein levels from all significant perspectives, including abundance, cellular localization, functional roles, evolution, and impact on structural coverage. We show that intrinsic disorder is more abundant and has a unique profile in eukaryotes. We map disorder into archaea, bacterial and eukaryotic cells, and demonstrate that it is preferentially located in some cellular compartments. Functional analysis that considers over 1,200 annotations shows that certain functions are exclusively implemented by intrinsically disordered proteins and regions, and that some of them are specific to certain domains of life. We reveal that disordered regions are often targets for various post-translational modifications, but primarily in the eukaryotes and viruses. Using a phylogenetic tree for 14 eukaryotic and 112 bacterial species, we analyzed relations between disorder, sequence conservation and evolutionary speed. We provide a complete analysis that clearly shows that intrinsic disorder is exceptionally and uniquely abundant in each domain of life.
Introduction
It is now recognized that in addition to globular, transmembrane and fibrillar proteins that are known to be characterized by unique three dimensional (3D)-structure, there is another tribe of proteins, which, being biologically functional, do not have unique 3D-structures in their native 1 3 states under the physiologic conditions in vitro and in vivo [1] [2] [3] [4] [5] . The members of this novel tribe are known as intrinsically disordered proteins (IDPs). Their structures are defined as highly dynamic ensembles of flexible conformations, where sampling of a large portion of a polypeptide's available conformational space is allowed. Although IDPs and intrinsically disordered regions (IDRs) in proteins are devoid of stable 3D-structures, they possess crucial biological functions and play multiple important roles in living organisms. In fact, the conformational plasticity associated with intrinsic disorder provides IDPs/IDRs with a wide spectrum of exceptional functional advantages over the functional modes of ordered proteins and ordered protein domains [1, 2, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . For example, the high accessibility of sites within the disordered proteins simplifies their posttranslational modifications, such as phosphorylation, acetylation, lipidation, ubiquitination, sumoylation, etc., allowing for modulation of their biological functions [5] . Many IDRs contain specific identification regions, which they use to participate in various regulation, recognition, signaling and control pathways [11, 12] . As exemplified by the gene ontology analysis, IDPs are involved in crucial biological processes, such as signaling, recognition, and regulation [14, 15, [18] [19] [20] [21] .
The existence of functional proteins without unique 3D-structures is in apparent conflict with the traditional sequence-structure-function paradigm that relies on the "one protein-one structure-one function" concept [1, 2, 5, 6, 11, 12, 15, 22] . For a long time, cases of protein function without structure or protein function originating from the conformational ensemble were taken as unique and rare exceptions, and the one protein-one structure-one function concept was considered as a general and undisputable rule. However, this has changed recently, leading to the recognition of the importance of IDPs. The concept of protein intrinsic disorder became an important part of modern structural biology and proteomic studies [1, 2, 22] . This (revolutionary) change in the understanding of the molecular bases of protein functions was fueled by growing appreciation of the idea that IDPs and IDRs are not rare and obscure exceptions, but are exceptionally common and fascinating entities. In fact, several efforts were devoted to estimating the abundance of intrinsically disordered proteins in nature [23] [24] [25] [26] [27] [28] [29] [30] [31] . In these studies, predictive algorithms were used to estimate the content of intrinsic disorder in various proteomes or specific protein. Although the estimated fractions of disordered residues for any given organism are different in these studies (being dependent on the algorithms used to evaluate the disorder content), the general trend of intrinsic disorder distribution over the tree of life is quite consistent: eukaryotes are systematically predicted to have much higher intrinsic disorder contents than prokaryotes. The number of species analyzed in the studies discussed above ranged from a few to a few hundreds. For example, the abundance of IDPs and IDRs in 53 archaean species was recently evaluated [28] . In another recent study, Burra et al. analyzed 332 prokaryotic proteomes [29] , and in still another recent work (which, to the best of our knowledge, is the largest scale intrinsic disorder analysis undertaken so far), the proteomes of 3,484 species were analyzed [30] .
In addition to studies on the abundance of protein disorder in various proteomes, the functions of IDPs and IDRs at the proteome/large-protein-database level were also scrutinized. For example, Ward et al. analyzed distribution of IDPs in six archaean, 13 bacterial and five eukaryotic genomes, and studied the function of proteins with long predicted regions of disorder using the gene ontology annotations supplied with the Saccharomyces genome database. They have shown that proteins containing disorder are often located in the cell nucleus and are involved in the regulation of transcription and cell signaling, and are commonly associated with the molecular functions of kinase activity and nucleic acid binding [24] . Based on the bioinformatics analysis of the functional keywords associated with 20 or more proteins in Swiss-Prot, it was concluded that many functions are indeed related to the increased propensity for intrinsic disorder. Specifically, out of 710 Swiss-Prot keywords, 310 functional keywords are associated with ordered proteins, 238 functional keywords are attributed to disordered proteins, and the remainder 162 keywords yield ambiguity in the likely function-structure associations [19] [20] [21] . Study of the occurrence of protein disorder in the human proteome and analysis of the ontology categories that are enriched in disordered human proteins revealed that the IDP-specific functions are both length and position dependent, and these observations were used to develop classifiers for human protein function prediction [32] . The inclusion of the disorder features improved the prediction accuracies for 26 Gene Ontology (GO) categories related to signaling and molecular recognition [32] . Recently, analysis of human proteome revealed that disordered regions frequently act as independent functional units [33] , and this functional modularity supports the earlier notion that there is an association between disorder and alternative splicing [34] .
In spite of this obvious progress in the field, modern studies on the natural abundance and functions of IDPs/IDRs are relatively limited in terms of the number of species analyzed and scope of the analysis, which often targets only one of a handful of aspects. To fill this gap, we performed a large-scale, comprehensive and detailed analysis of 6,438,736 proteins from 965 complete proteomes, using arguably more accurate consensus-based disorder predictions. Since in addition to the analysis of 59 archaean, 471 bacterial and 110 eukaryotic proteomes we studied~20,000 proteins from 325 viral proteomes, our work represents one of the first large-scale analyses of abundance and function of intrinsic disorder in viruses. We seamlessly combined proteome-level analysis that characterizes abundance and differences in profiles of disorder between the domains of life with analysis at the protein level that concerns a detailed, large-scale, and comprehensive characterization of functional roles and cellular localization of intrinsic disorder. We are the first to perform large-scale analysis of enrichment of disorder in functional annotations and post-translational modification sites, to reveal relations between structural coverage and disorder across various domains and kingdoms of life, to annotate the abundance of disorder in cells, and to study interplay between intrinsic disorder, evolutionary pace, and sequence conservation. More specifically, we investigated enrichment of disorder in a broad range of over 1,200 functional annotations, compared to previous "small-scale" studies that investigated a narrower range of functional aspects based on at most a couple dozen of proteomes excluding viruses. We included a similarly comprehensive characterization of enrichment of disorder in cellular components/ compartment in archaea, bacteria, eukaryota and viruses, and, for the first time, we mapped intrinsic disorder into archaean, bacterial, eukaryotic cells. We quantified and contrasted enrichment of intrinsic disorder in various types of post-translational modification sites across the four domains of life. We also estimated current structural coverage of the considered proteomes, and found that the abundance of disorder negatively correlates with this coverage for certain kingdoms and phyla.
Materials and methods
We analyzed all 965 complete proteomes, which total to 6,438,736 proteins, from UniProt release 2011_08 [35] .
The proteomes were assigned to their taxonomic lineage based on the National Center for Biotechnology Information (NCBI) [36] We applied two fast and accurate disordered predictors, IUPred [37, 38] and Espritz [39] , to obtain putative disordered residues and segments. We used two versions of IUPred that were designed for predictions of long and short disordered segments, respectively, and three versions of Espritz that consider disorder annotations based on nuclear magnetic resonance (NMR) structures, X-ray crystal structures, and experimental annotations from DisProt database [40] . Espritz and IUPred are competitive in terms of their predictive quality [38, 41] , and they cover the main characteristics of the disorder including the three annotation types and two types of disordered segments. The resulting five predictions were combined together using the majority vote consensus. This is motivated by the fact that consensusbased approaches provide improved predictive quality [42] . Our approach is a marked improvement over the previous studies, where only one [24, 30, 32] or two [28, 29] predictors were used to characterize disorder. The putative disorder was used to calculate the disorder content (fraction of disordered residues in a given chain), the number and size of disordered segments and long disordered segments that consist of at least 30 consecutive disordered amino acids, and to characterize fully disordered proteins. The analysis of long segments is motivated by the fact that they are implicated in protein-protein recognition [43] and serve as functional units [33] . Consistent with previous works [44] , we count the disordered segments with at least four consecutive disordered residues. We include such short segments, since they can be predicted with relatively high predictive performance [44] and they were included in some of the similar studies [28, 30] . However, we note that our results may include some artifacts, since these short regions were speculated as being less likely to be functionally relevant compared to long disordered regions [24] . We normalized the count of disordered segments to accommodate for the bias due to differences in chains length between taxonomic domains; see Supplementary Fig. 1 . We calculated the number of disordered segments per unit segment of 100 amino acids, by dividing the actual count in a given chain by its length and multiplying the result by 100. Similar to the recent study concerning abundance of disorder in viral proteomes [30] , which was limited in the context of functional analysis, viral polyproteins were analyzed as a single polypeptide chain. This potentially affects disorder predictions for only a few residues close to the cleavage sites, and has a negligible effect on the overall proteome-wide results. We investigated disorder in certain cellular components and relations between disorder and protein functions based on the GO terms [45] that are linked in the UniProt, and between disorder and post-translational modifications (PTMs) that are annotated in the UniProt. We consider all annotations for each protein, which means that the same protein may be counted in multiple biological processes, molecular functions, and cellular components. We excluded annotations with qualifiers "potential", "probable" and "by similarity" that are associated with computer-prediction or indirect experimental evidence. We also removed annotations with insufficient number of samples in a given taxonomic domain; i.e., PTMs with less than 100 annotated residues and function/components with less than 100 chains. In each domain of life, we empirically analyzed whether disorder is significantly enriched/depleted in proteins with a given function, in a given cellular component or in residues with a given type of PTMs. Similar to earlier analysis [24] , we evaluated statistical significance of these differences by contrasting disorder content in a given functional or localization-based set of chains or a set of residues with a given PTM with the baseline disorder content in a given domain of life; this accommodates for differences in the abundance of disorder between the domains of life. We randomly selected half of the GO-annotated chains or PTM-annotated residues and compared them with the same number of chains/residues drawn at random from the entire taxonomic domain. This was repeated ten times, and we evaluated significance of the differences in the disorder content between these two vectors. If the measurements were normal, as evaluated with the Anderson-Darling test at 0.05 significance, then we utilized the t test; otherwise, we used the non-parametric Wilcoxon rank sum test. We considered only the differences with sufficiently large magnitude; i.e., the average difference/enrichment must be larger than 50 % of the average disorder content in a given domain of life.
The structural coverage was computed based on method described in Ref. [46] . Briefly, we compared a given protein chain against all sequences from the Protein Data Bank using three rounds of PSI-BLAST. The sequence was considered structured if PSI-BLAST found a hit with an E-value below 0.001 that had at least 50 amino acids in length. The structural coverage of a given proteome was defined as the fraction of (non-redundant) structured sequences in this proteome.
Using the evolutionary tree reconstructed in Ref. [47] , we studied relations between the intrinsic disorder and the evolutionary speed that is quantified with the branch length, i.e., longer branches indicate faster pace of the sequence evolution. We mapped 112 bacterial, 14 eukaryotic and two archaea species into our data set from among 191 species that were used in Ref. [47] , and compared their disorder content against the branch length. Consequently, we had to exclude viruses that were not considered in Ref. [47] and archaea that had small sample size.
Similarly as in [48, 49] , we quantified the sequence conservation using relative entropy [50] , which was computed from the Weighted Observed Percentages (WOP) profiles produced by PSI-BLAST [51] . PSI-BLAST was run with default parameters (−j 3, −h 0.001) against the nr database. Due to the high computational cost, we estimated conservation based on results for 100 randomly selected proteins from a given proteome.
Results

Disorder at the proteomic level
First, we analyzed the overall abundance of intrinsic disorder in the 965 complete proteomes. Results of this analysis for selected proteomes are shown in Fig. 1 . We analyze the averaged disorder content (Fig. 1A) and the normalized number of long (30 or more consecutive amino acids) disordered segments (Fig. 1B) across different phyla and kingdoms (second level of the taxonomic lineage) in all the domains of life. This analysis reveals that intrinsic disorder is common in all the proteomes studied, and that the eukaryotic proteomes are noticeably more disordered than proteomes from the other domains of life using different disorder measures. In fact, disorder Box plots show the minimum, first quartile, second quartile (median), third quartile, and maximum disorder content (panel A) or normalized number of long disordered segments (panel B) across different species in a given phyla/domain of life; one line is shown for phyla with only one species (e.g., Dictyoglomi) content equals 20.5 % for eukaryotes, 13.2 % for viruses, 8.5 % for bacteria, and 7.4 % for archaea. Furthermore, the normalized number of long disordered segments per 100 amino acids is at 17.4 % for eukaryotes, 10 % for viruses, 4.2 % for bacteria, and 3.6 % for archaea. Note the relatively smaller proportions for the bacteria and archaea, which means that they have relatively fewer long disordered segments. The results of our analysis are consistent (a bit higher, but in the same order) with the results of earlier analysis that was performed for a smaller set of proteomes (six archaean, 13 bacterial, and five eukaryotic proteomes) and reported in Ref. [24] . In this study, the disorder content was estimated to be 18.9 % in eukaryotes, 5.7 % in bacteria, and 3.8 % in archaea; viruses were not considered. Figure 1 also shows that the disorder content in viral species varies to a wide extent, ranging between 3 and 55 %; in eukaryotic species between 5 and 35 %; and in bacterial and archaean species, the disorder contents are below 20 and 21 %, respectively (whiskers/ error bars show the range). Also, the fraction of the long disordered segments is proportional to the overall disorder content, with the exception of some viruses that contain relatively more of longer disordered segments, i.e., whiskers are taller when compared to the content whiskers.
Next, we looked at the peculiarities of disorder distribution in four domains of life, prokaryotes, archaea, eukaryotes and viruses. In our study, viruses were considered as a fourth domain of life, although currently there is no common opinion on whether viruses are a form of life, or organic structures that interact with living organisms. Figure 2A shows that the majority of proteins in viral, bacterial, and archaean species have relatively small amounts of disorder. In fact, 79, 77, and 63 % of chains in archaean, bacterial, and viral proteomes, respectively, have up to 10 % disorder, compared to only 46 % of such proteins in eukaryotes. On the other hand, eukaryotic proteomes are characterized by a large fraction of chains with substantial amounts of disorder. Here, 36 % of eukaryotic chains have > 20 % disorder and 12 % of eukaryotic proteins possess > 50 % disorder. Figure 2B illustrates another interesting fact, namely that in the bacterial and archaean species the larger amounts of disorder are present only in short chains (shorter that 100 residues long). Specifically, 12 and 11 % of proteins in archaea and bacteria, respectively, which are shorter than 100 residues, have on average 19 and 24 % of disorder. This is almost threefold higher than their overall average. To compare, chains longer than 100 residues, which account for 88 % of archaean and 89 % of bacterial proteins, have on average below 6 % of disorder. On the other hand, in viruses and eukaryotes, the disorder is more evenly distributed across protein sizes. Specifically, chains longer than 100 residues, which account for 82 and 93 % of proteins in viruses and eukaryotes, respectively, have an average amount of disorder at 12 and 20 %, respectively. This is comparable with their overall disorder content. Chains longer than 500 amino acids in eukaryotes, which total to 32 % of eukaryotic proteins, have on average 22 % of disorder, compared to 9 % in viruses, 6 % in bacteria, and 5 % in archaea.
As is evident from Fig. 2C , short (below ten amino acids) disordered segments account for two-thirds of the disordered segments in archaea and bacteria. This noticeably exceeds the corresponding values of 55 and 43 % evaluated for viruses and eukaryotes, respectively. Only eukaryotes and viruses have relatively large fractions of longer disordered segments, which result in the bimodal distribution in Fig. 2C . More specifically, 25 and 16 % of disordered segments in eukaryotes and viruses, respectively, are longer than 30 residues, compared to just 7 % in bacteria and archaea.
Our analysis reveals that between 0.9 % of proteins in eukaryotes (close to 18 thousand) and 0.2 % of proteins in archaea (around 500 chains) are fully disordered. Figure 2D , which analyzes these fully disordered proteins, shows that in archaea and bacteria, they are relatively short compared to their sizes in the eukaryotic and viral proteomes. In fact, in archaea and bacteria, 86 and 89 % of fully disordered chains are shorter than 100 residues, compared to 53 and 52 % in viruses and eukaryota, respectively. Interestingly, 20 % of fully disordered viral proteins are longer than 300 amino acids, compared to 8, 1, and 1 % for eukaryotes, archaea, and bacteria, respectively.
Functional analysis and cellular localization of disorder at the protein level
We analyzed the functional importance of intrinsic disorder by considering correlations between the intrinsic disorder propensity and biological processes, molecular functions, and cellular components annotated based on the GO terms that are available in UniProt database [35] for many proteins in the completed genomes across the four domains of life. Results of these analyses are summarized in Table 1 and Fig. 3 . Globally, Table 1 suggests that number of functional annotations does not reflect the complexity of a given domain; rather, it is correlated with the completeness of its annotations in GO. In each domain of life, there are some processes, functions and cellular components that are enriched in the intrinsic disorder and some other with a significant depletion in the disorder. For example, between 4 and 10 % of processes, functions, and components in eukaryotes are significantly enriched in disorder, whereas in bacteria, about 20 % of GO annotated cellular components are enriched in disorder. Figure 3A contains a more detailed representation of a correlation between intrinsic disorder and biological processes in the four domains of life. Among disorderenriched biological processes in eukaryotes are transcription, regulation of GTPase, nucleosome assembly [52] , and RNA splicing. Overall, disorder in eukaryotes seems to be important for protein-RNA, protein-DNA, and proteinnucleotide interactions. In addition to sharing similarities to eukaryotes with respect to disorder-based protein-DNA interactions, bacteria utilize a wider array of biological processes with enriched disorder, with most illustrative examples being sporulation, protein polymerization, translation, catabolic and metabolic processes, pathogenesis, and chromosome condensation. Figure 3B shows that intrinsic disorder is important for several molecular functions, such as DNA and nucleotide binding, protein dimerization, and transcription in eukaryotes and DNA and RNA binding, protein dimerization, translation, etc., in bacteria. Overall, our analysis shows that biological processes that are enriched in disorder are consistent with the corresponding molecular functions, and that these enriched functions/processes carry over across the considered domains of life. Figure 3C illustrates that among eukaryotic cellular components, the abundance of IDPs/IDRs generally follows the disorder preferences observed in biological processes, with nucleosome, spliceosome, and transcription factor complexes being especially enriched in the disorder. Bacteria also contain a large number of components associated with disorder, such as ribosome, cell wall, and flagellum, to name a few. We also show a substantial number of components in eukaryotic cells that are enriched in disorder when compared with a bacterial cells; see inset in Fig. 3C . In contrast, proteins in Archaea use disorder primarily only for translation, which is why archaean IDPs are commonly involved in RNA binding and are located in the ribosome. In addition to using disorder for the RNA binding, viruses commonly utilize IDPs to implement interactions with other organisms, and their IDPs are often located in the cytoplasm and nucleus. We mapped the components enriched in disorder from Fig. 3C into their cellular compartments, see Fig. 4 . The compartments colored in red in the archaea and bacteria cell and in dark red in the eukaryotic cell include at least one component that is significantly enriched in disorder in a given domain of life. The light red in the eukaryotic cell denotes the compartments that are enriched in disorder compared to the bacteria. We observe that disorder is preferentially localized across the three domains of life in the ribosome. Furthermore, disorder is relatively abundant in most of the bacterial cell and several eukaryotic organelles/compartments, including nucleus, mitochondrion, cytoskeleton, peroxisome, and cell membrane and junction. However, some other compartments, such as the majority of intra-cellular membranes, Golgi apparatus, endoplasmic reticulum, endosome, lysosome, centrosome, chloroplast, and vacuole, include mostly structured proteins.
Disorder in post-translational modification sites
We also considered correlation between disorder and posttranslational modifications (PTMs) that are annotated in the UniProt [35] . Figure 5 shows that most PTM sites are significantly enriched in disorder in eukaryota and viruses. This is in contrast to bacteria and archaea, which generally contain fewer PTMs that are associated with disorder. For example, phosphorylation sites are substantially enriched in disorder in eukaryotes (65 % of these sites are in the disordered regions) and viruses (75 % in the disordered regions), but they are depleted in disorder in archaea (virtually no phosphorylation sites are in the disordered regions) and bacteria (only 1 % in the disordered regions). Similarly, acetylation sites are enriched in disorder in eukaryotes (39 %) and viruses (84 %), while their enrichment in bacteria is lower (10 %) and they are depleted in disorder in archaea (4 %). We note only a few exceptions from that generic observation, e.g., a universally disorder-depleted piridoxal phosphate PTM.
Disorder and structural coverage
Structural coverage is defined as a fraction of proteins expressed in a given proteome that are similar to a fold with known structure, and was calculated based on an approach proposed in Ref. [46] . Supplementary Fig. 2 demonstrates that structural coverage is modestly negatively correlated with the disorder content for archaean, bacterial and fungal species. This can be explained by the fact that structures of proteins that have disordered segments are usually harder to obtain using the dominant structure determination approach via X-ray crystallography [53] . The differences in the structural coverage are relatively substantial; for instance, the coverage drops by about 15 % for bacteria when comparing organisms with low and high disorder content. Among eukaryotes, animals have the highest coverage values, which likely stems from the focus on these species by the Protein Structure Initiative [54] . Moreover, lack of correlation with disorder for animal species suggests that given Fig. 3 Biological processes (panel A), molecular function (panel B) , and cellular components (panel C) that are significantly enriched in the disorder across eukaryotic, bacterial, archaea, and viral species. The y-axis gives all significant functions/components, including the number of corresponding proteins, their average disorder content, and significance of the enrichment. The x-axis shows the enrichment in the average disorder content between proteins with a given function/ in a given compartment and the baseline disorder content in a given domain of life. Details of the calculation are provided in the Materials and Methods section. The significance of the difference is denoted with " + " and " ++", which indicate that the P-value is smaller than 0.01 and 0.001, respectively. The functions/cellular components are sorted, within each domain of life, by the values of the enrichment Fig. 4 Mapping of intrinsic disorder into eukaryotic, bacterial, and archaea cells. The cellular components significantly enriched in disorder from Fig. 3C were mapped into the corresponding organelles/ compartments. The light red color in bacteria or archaea cells identifies compartments that include at least one annotation that is enriched by at least 5 % in the disorder content in this domain of life. In the eukaryotic cell, the dark red color shows compartments that include at least one annotation enriched by at least 5 % in eukaryota, while the light red color denotes compartments with annotations enriched by at least 5 % compared to the disorder in bacteria (based on inset in Fig. 3C) sufficient resources, high levels of coverage can be attained even for proteomes with relatively high disorder content. Our analysis also reveals that viral proteomes are characterized on average by the lowest structural coverage that lacks correlation with the disorder content.
Disorder and evolution
In order to put our observations into evolutionary perspective, we built a phylogenetic tree to include 126 species whose proteomes have been fully sequenced. Results of this analysis are shown in Fig. 6 . This Figure represents the evolutionary data for 14 eukaryotic (on green background) and 112 bacterial proteomes (on orange background) in the form of a phylogenetic tree. Our analysis is based on the evolutionary tree presented in Ref. [47] , which was reconstructed using a supermatrix of 31 concatenated, universally occurring genes with indisputable orthology in 191 species with completely annotated genomes in the three domains of life. In the original tree, the evolutionary speed of a given genome is proportional to the cumulative branch length from the tip to the root, with faster evolving genomes being characterized by longer branch length [47] . Figure 6 represents the superposition of the intrinsic disorder data on that evolutionary tree. Here, labels indicate individual species and various color shadings indicate subdivisions into phyla. Disorder contents in corresponding proteomes are shown as red bars outside of the tree. For each given genome, the length of the solid black line on the inside is the cumulative branch length from the tip to the root, which was estimated in Ref. [47] , indicates the speed of evolution. Phyla containing at least eight species are named outside of the tree, together with the corresponding value of the Pearson correlation coefficient (PCC) between the branch length and the disorder content. We further analyzed these four phyla, one eukaryotic and three bacterial, as the remaining phyla have too few species to obtain conclusive results. Figure 7 provides analysis of these evolutionary data combined with the analysis of sequence conservation. Figure 7A shows negative correlations between the disorder content and the evolutionary speed (measured as the branch length) within the selected four phyla. The PCC values are consistently negative and range between −0.3 and −0.86, suggesting that proteomes with more disorder evolve slower than proteomes with less disorder. Importantly, this trend holds true only within a given phylum. The correlation across proteomes from the four phyla is low and equals −0.11. Figure 7B shows that proteomes with higher disorder content are less conserved and that this trend is true even across phyla from bacteria and The significance of the difference is denoted with "-" and "-", which indicate that the disorder is depleted with a P value smaller than 0.01 and 0.001, respectively; "+" and "++", which indicate that the disorder is enriched with a P value smaller than 0.01 and 0.001, respectively; and "=", which shows that disorder is not significantly different. The PTMs are sorted, within each domain of life, by the values of the difference eukaryota, with the PCC value over all considered proteomes of −0.70. We note that our approach to quantify conservation for IDPs based on the sequence alignment could be somehow flawed, since conservation of function could occur in ways that are not discretely alignable (e.g., via compositional conservation). However, our observation agrees with prior observations that disordered regions are more likely to undergo non-conservative changes that lead to the lower sequence conservation compared to the structured regions [55] . Our analysis where we summarize the conservation at the proteome-level corroborates this finding. Furthermore, Fig. 7C reveals that disordered regions Fig. 6 The phylogenetic tree based on Ref. [47] , with 126 species whose proteomes have been fully sequenced, including 14 in eukaryota (on green background) and 112 in bacteria (on orange background). Labels indicate individual species and color shadings indicate subdivisions into phyla, where alternating light and dark green are for phyla in eukaryotes and light and dark orange are for phyla in bacteria. The red bars on the outside indicate the disorder content. The length of the solid black lines on the inside indicates speed of evolution, as estimated in Ref. [47] . Phyla with at least eight species are named on the outside, together with the corresponding value of the Pearson correlation coefficient (PCC) between the speed of evolution and disorder content Fig. 7 Relation between disorder content and evolutionary characteristics, including evolutionary speed, sequence conservation and proteome size, for the bacterial and eukaryotic species. Panels A and B show relationship of the disordered content with the pace of evolution quantified using branch length in an evolutionary tree, and with the sequence conservation, respectively. Panel C compares sequence conservation of disordered (red markers) and structured (black markers) regions across the species grouped by phyla, which are denoted using the horizontal line at the bottom; species are sorted by the conservation of their structured regions. Panel D shows the relation between disorder content and proteome size. Solid lines in panels A, B, and D show linear fits together with the corresponding value of the PCC; y-axis in panel D is in logarithmic scale. The conservation was estimated based on relative entropy of WOP profiles produced by PSI-BLAST that was run against the nr database have lower sequence conservation than ordered regions for majority of the considered proteomes, irrespective of the overall conservation in a given proteome. For instance, the lower overall conservation of the considered eukaryotes when compared with bacteria ( Fig. 7B) is combined with proportionally lower conservation of the corresponding disordered regions (Fig. 7C) . The relatively low conservation of the disordered regions does not explain the negative correlation between disorder content and evolutionary speed in a specific phylum. A possible explanation for the latter trend is that disordered regions tend to be enriched in proteins with high connectivity (i.e., hubs) of proteinprotein interactions networks [56] , and the connectivity of these networks was shown to be negatively correlated with their rate of evolution [57] . Thus, enrichment in disorder could lead to higher connectivity (relative to a group of taxonomically related species in a given phylum), which, in turn, would lead to the reduced evolutionary speed. Another plausible explanation is related to the observation that smaller genomes evolved faster, which was explained by their limited ability to remove mutations by means of recombination or DNA repair [47] . Figure 7D shows a positive correlation between genome size (approximated by the number of proteins expressed by a given genome) and the disorder content within each of the four phyla. This figure, taken together with Fig. 3B reported by Ciccarelli et al., which represents negative correlation between the evolutionary speed and genome size [47] , suggests that lower evolutionary speed could be a consequence of the enlarged proteome size that is associated with the enrichment in disorder. Perhaps another reason that the evolutionary speed is lower for proteomes with more disorder is that the proteins enriched in disorder are functionally important, such as by being involved in the protein-protein or protein-DNA interactions. To sum up, based on our empirical results, we hypothesize that there is a correlation between the speed of evolution and the degree of disorderedness, where larger proteomes in the same phyla contain more disorder and evolve slower.
Discussion
In agreement with a number of earlier studies, we show that IDPs/IDRs should not be considered as rare and obscure exceptions. Instead, these proteins and regions are very common in all the domains of life, including viruses, and clearly possess specific set of molecular functions. Our analysis reveals that the eukaryotic species have a unique disorder profile compared to the corresponding profiles of viruses and bacterial and archaean species. Here, eukaryotic proteomes are overall substantially more (about 20 %) disordered, contain more disorder in longer/larger proteins, and are characterized by a larger fraction of proteins with larger amounts of disorder. Eukaryotes and viruses have larger number of longer fully disordered proteins and longer disordered segments, compared to bacteria and archaea; particularly, viruses have relatively large number of long (over 300 amino acids), fully disordered chains.
Abundance of intrinsic disorder in eukaryotes and some of the viruses can be connected to the requirement of more profound signaling and regulation of these species. Analysis of the length-dependence of the average disorder content produced rather unexpected outcomes. In fact, based on the simple probability evaluations, one can expect that short proteins would contain less disorder than long proteins, and therefore the disorder content would increase with the protein length. However, dependence of the average disorder content on the protein length obtained in our study possesses an intriguing shape; see Fig. 2B . For example, in eukaryotes, short proteins are predicted to have significant amount of disorder. The amount of the predicted disorder decreases as protein length increases, and reaches minimum at ~15 % for proteins with the length of 300-500 residues. Then, the amount of intrinsic disorder starts to increase, reaches a plateau at the level of 25 % for proteins with length of~1,000-2,000 residues, and then again starts to decrease for longer proteins. Since the number of very long proteins is relatively small, that part of the plot corresponding to proteins longer than 5,000 residues is relatively noisy. Importantly, some long proteins contain very significant amount of predicted disorder, up to 90-95 %. Similarly, short proteins from other domains of life are typically more disordered than longer proteins. The fact that short proteins contain the highest amount of predicted disorder and the fact that long disordered proteins in eukaryotes seem to have some optimal length (1,500-2,000 residues) with relatively high disorder content (25 %) may potentially have some functional explanations.
Functional correlation study shows that disorder is enriched in many key processes, including transcription, translation, nucleosome assembly/chromosome condensation, RNA splicing, protein polymerization and dimerization, catabolic and metabolic processes, and pathogenesis in bacteria. Furthermore, disordered proteins are preferentially located in certain cellular compartments, including nucleosome, spliceosome, transcription factor complexes, ribosome, and cell wall and flagellum in bacteria. Archaean proteins use disorder for translation, whereas viruses use disorder for RNA binding and to implement interactions with other organisms. We also provide a convenient mapping of disorder into archea, bacterial and eukaryotic cells. Interestingly, we show a strong pattern of disorder enrichment in the PTM sites where these sites are significantly enriched in disorder in eukaryotes and viruses, while substantially fewer PTMs are associated with disorder in bacteria and archaea.
The content of disorder in certain domains and phyla, including bacteria, archaea and fungi, is negatively correlated with the structural coverage of these species. This suggests a bias towards solving structures of proteins that are depleted in disorder. This observation is in line with the fact that presence of disordered regions makes crystallization of proteins more difficult [53] , while crystallization-based structure determination pipelines account for a significant majority of effort in this area. However, such a trend does not appear for the relatively highly structurally covered animals. This demonstrates that relatively high structural coverage can be attained even for species with a high amount of disorder.
Finally, we expand on the prior observations that linked proteome/genome size with the evolutionary speed by inclusion of the degree of disorder. We observe that among closely related species from the same eukaryotic or bacterial phyla, species with smaller proteomes that evolved faster have less disorder.
